Laboratory evidence of the halting of magnetic reconnection by a weak






























be	 released	 into	 the	 surrounding	 plasma.	 Theory	 and	 numerical	modelling	 still	 face	many	
challenges	in	handling	this	complex	process,	the	predictability	of	which	remains	elusive.	Here	
we	test,	through	a	laboratory	experiment	conducted	in	a	controlled	geometry,	the	effect	of	
changing	 the	 field	 topology	 from	 two-dimensional	 to	 three-dimensional.	 This	 is	 done	 by	
imposing	an	out-of-plane	(guide)	magnetic	field	of	adjustable	strength.	A	strong	slowing	down	
















magnetic	 field	 lying	 in	 a	 purely	 two-dimensional	 plane.	 Their	 generalized	model	 has	 been	
shown	 to	 adequately	 explain	 reconnection	 in	 collisional	 plasmas6.	 More	 recently,	 the	
integration	of	 the	 resistive	 tearing	 instability,	 as	 an	 additional	 effect	 into	 the	picture,	was	
demonstrated	 to	 improve	 prediction	 of	 fast	 reconnection	 even	 for	 low	 collisionality	
plasmas7,8.	However,	despite	this	and	further	theoretical	effort	from	many	groups	(see	e.g.	




laboratory	 experiments	 dedicated	 to	 investigate	 and	 understand	 this	 process,	 using	 e.g.	
magnetic11,12	or	inertial13	confinement,	or	pulsed-power	driven	plasmas14.		
Aside	 from	elucidating	the	source	of	 this	persistent	difficulty,	e.g.	 the	exact	 role	played	by	
electrons9	 or	 ions10	 in	 the	 microphysics	 of	 reconnection,	 another	 factor	 complicating	 the	
picture	is	the	topology	of	the	fields.	Deviating	from	the	idealized	two-dimensional	picture	of	








plane	 magnetic	 fields,	 opposite	 results	 have	 been	 highlighted,	 from	 quenching	




even	 halting,	 of	 the	 reconnection	 process.	 This	 is	 also	 shown	 to	 strongly	 impact	 the	
directionality	of	the	particles	that	are	energized	in	the	process.	











Fig.1),	 an	 out-of-plane	 guide	 field	 naturally	 arises	 over	 the	 region	 where	 the	 plasmas	
encounter.		
Our	method	for	diagnosing	the	evolution	of	the	reconnecting	fields	uses	fast,	laminar	protons	
(see	Methods)	 that	allow	 to	obtain	2-D	 snapshots	of	 the	magnetic	 fields	over	 time.	These	
images	 are	 then	 compared	 to	 synthetic	 images	 generated	 by	 using	 numerically	 simulated	


















θ	 (see	Methods).	 The	 purple	 wavy	 arrow	 indicates	 the	 direction	 in	 which	 the	 optical	 self-
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Fig.1.d	 and	 Supplementary	 note	 4)	 of	 a	 thin	 line	 of	 a	 compressed	 probing	 protons	 in	 the	





guide	 field.	Rather,	at	early	 times,	 the	probing	protons	 form	much	wider,	“mouth”-shaped	
pattern,	that	testified	of	an	enhanced	deflection	compared	to	that	of	the	coplanar	case.	This	
is	 due	 to	 magnetic	 field	 pile-up	 in	 the	 area	 as	 the	 magnetic	 field	 cannot	 get	 annihilated	
through	 reconnection	 and	 as	 magnetic	 field	 flux	 is	 constantly	 coming	 into	 the	 area	 (see	










Figure	2:	 Laboratory	optical	 pyrometry	observation	of	 delayed	heating	 in	 the	 reconnection	




























interpret	the	first,	 fast	 increase	as	due	to	the	 increased	density	 in	the	reconnection	region	
induced	by	the	pile-up	when	the	two	expanding	plasma	collide	there.	The	later	decrease	of	
the	 self-emission	 in	 the	 two	 beams	 case	 is	 likely	 due	 to	 two	 cumulated	 factors:	 (i)	 as	
reconnection	takes	place,	the	accumulated	plasma	can	be	evacuated	from	the	reconnection	
layer,	and	(ii)	the	increased	temperature	of	the	plasma	as	the	magnetic	energy	is	transferred	
to	 the	plasma.	Without	 guide	 field,	 this	 emission	decrease	 is	 seen	 in	 Fig.2.d	 to	 take	place	
around	 1	 ns,	 which	 is	 consistent	 with	 the	 onset	 of	 reconnection	 in	 this	 case	 (see	













based	 on	 the	 average	 ionization	 state	 we	 expect	 to	 have	 in	 our	 plasma	 conditions	 (see	
Supplementary	note	6).	The	vertical	axis	is	the	spectral	one,	the	horizontal	one	is	sampling	the	
angle	of	emission	of	the	particles	from	the	targets.	For	panel	b,	we	have	BGF/Byz	=	0.41.	In	the	











(a,b,c)	 for	 the	 electrons.	We	 note	 that	 the	 recorded	 energies	 are	much	 higher	 than	 if	 the	
particles	would	 be	 ejected	merely	 at	 the	 Alfven	 velocity,	 as	 predicted	 in	 the	 Sweet-Parker	







axis),	 i.e.	along	 the	expected	outflow	direction	 (as	 indicated	 in	Fig.1).	Quite	differently,	no	
signal	in	both	channels	can	be	recorded	about	the	noise	level	in	the	absence	of	guide	field,	or	
when	looking	in	the	perpendicular	direction	(see	Supplementary	note	6).		
The	 absence	 of	 signal	 in	 our	 case	 in	 the	 coplanar	 case	 is	 not	 so	 surprising:	 since	 our	
spectrometer	 looks	 in	 the	 reconnection	plane,	 along	 the	 target	 surface,	 it	would	miss	 the	
particles	 that	 are	accelerated	out-of-plane.	 This	 is	 likely	 the	 case	 for	most	of	 the	particles	
accelerated	 following	 reconnection:	 as	 the	 particles	 in	 the	 plasma	 inflows	 reach	 the	
reconnection	area,	they	will	be	influenced	by	the	Ex	component	of	the	electric	field.	Since	this	
component	 is	 normal	 to	 the	 reconnection	 plane,	 it	 will	 skew	 their	 trajectories	 out-of-
plane39,40.	The	interesting	point	is	that	a	strong	signal	is	seen	in	the	presence	of	a	guide	field,	
i.e.	 when	 the	 reconnection	 is	 slowed	 down	 and	 that	 magnetic	 field	 is	 compressed	 and	
accumulated	 on	 both	 side	 of	 the	 reconnection	 layer.	 These	 particles	 are	 thus	 likely	 not	
accelerated	 during	 reconnection,	 but	 ahead	 of	 the	 actual	 reconnection,	 either	 through	
slingshot	 Fermi	 acceleration39	 or	 betatron	 acceleration40,41.	 Since	 this	 requires	 an	
accumulation	of	magnetic	 field	powering	 the	acceleration,	 the	observation	of	energization	
when	 the	 guide-field	 is	 applied	 is	 well	 compatible	 with	 the	 observation	 of	 piling-up	 of	
magnetic	field	in	that	configuration	compared	to	the	coplanar	one.	






























generated	 by	 the	 Biermann-Battery	 mechanism,	 is	 simultaneously	 annihilated	 through	
reconnection,	 consistently	 with	 what	 was	 previously	 observed42	 in	 a	 similar	 coplanar	
geometry	and	with	similar	laser	parameters.	Using	the	characteristics	of	the	focused	proton	











Figure	 4:	 Hybrid	 simulation	 of	 a	 β	 =1	 magnetic	 reconnection	 event	 allowing	 for	 the	
identification	 of	 its	 different	 phases	 in	 the	 proton	 deflectometry	 images.	 (a-d)	 Snapshots	
extracted	 from	 a	 two-dimensional	 hybrid	 simulation	 (see	 Methods)	 of	 the	 reconnection	
between	 two	 plasmas	 expanding	 toward	 each	 other	 and	 in	 which	 magnetic	 toroids	 are	
embedded;	 the	 lines	 represent	 the	 isocontours	 of	 the	 magnetic	 field,	 while	 the	 grayscale	
represents	 the	 normalized	 electron	 plasma	 density	 (ne).	 The	 different	 phases	 of	 the	
reconnection	are	identified	above	the	panels.	(e-h)	Synthetic	images	(see	Methods)	of	proton-
deflectometry	using	the	magnetic	field	distribution	shown	in	(a-d).	These	are	computed	for	14	
MeV	 protons,	 consistently	 with	 the	 experimental	 images	 shown	 in	 Fig.1.	 The	 greyscale	
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represents	 the	 relative	 proton	 dose	 modulation	 (ΔN/N0)	 induced	 by	 the	 protons	 passing	
through	the	field	structures	shown	in	(a-d).	(i)	Temporal	evolution	of	both	the	reconnection	










up	and	compressed	 in	 the	guide	 field	case:	 the	x-integrated	strength	of	 the	magnetic	 field	
grows	for	example	from	~3	T.mm	to	>12	T.mm	in	4	ns	for	BGF/Byz=	0.13.		
A	 similar	 temporal	 evolution,	 but	 at	 a	 much	 quicker	 pace,	 is	 observed	 in	 the	 simulation	
performed	at	β	=20.	In	these	conditions,	as	portrayed	in	panel	a	of	Fig.	5,	the	phase	during	
which	the	current	sheet	is	build-up	and	thinned	(the	analogue	to	phase	II	in	Fig.4)	is	longer	




the	 proton	 density	 embedded	 within	 the	 magnetic	 ribbon.	 These	 two	 facts	 result	 in	 an	
increased	 Alfven	 velocity	 for	 the	 inflow	 in	 the	 reconnection	 layer,	 and	 consequently	 in	 a	
strongly	reduced	duration	over	which	reconnection	takes	place.	This	numerical	picture	is	very	






with	 a	 guide	 field	 is	 significantly	 delayed	 compared	 to	 the	 case	without	 a	 guide	 field.	We	




pinching	 toward	 each	 other	 of	 the	 anti-parallel	 magnetic	 fields.	 Hence,	 the	 quadrupolar	
magnetic	field	is	commonly	thought	to	be	a	consequence	of	a	reconnection	event44.	However,	
we	 have	 recently	 suggested45	 that	 the	 reconnection	 process	 and	 the	 appearance	 of	 the	
quadrupolar	magnetic	field	are	rather	both	consequences	of	the	formation	of	a	thin	(of	the	
order	of	the	proton	inertial	length)	non-flat	current	sheet	in	between	the	two	compressed,	
anti-parallel	 magnetic	 fields.	 In	 fact,	 in	 high-energy-density	 conditions	 such	 as	 the	 ones	
investigated	here,	the	quadrupolar	magnetic	field	appears	to	be	even	a	necessary	precursor	
to	the	event	related	to	the	formation	of	the	current	sheet.	Hence,	by	imposing	a	guide-field,	
the	 growth	 of	 the	 quadrupolar	 magnetic	 field	 is	 destabilized	 and,	 as	 a	 consequence,	
reconnection	is	delayed.		




























from	 perturbations	 induced	 by	 the	 setup,	 we	 put	 forward	 in	 this	 paper	 how	 magnetic	
reconnection	can	be	delayed,	or	even	halted,	in	the	presence	of	a	guide	field.	We	note	that	





three-dimensional	 and	 contains	many	 sub-substructures.	 Their	 encounter	 is	 however	 very	
difficult	to	observe	because	of	the	involved	small	scales,	complex	geometry	and	overlapping	
features.	 Thus,	 the	 influence	 of	 a	 guide	 field,	 and	 more	 generally	 of	 a	 changing	 three-











The	 experiment	 was	 performed	 using	 the	 LULI2000	 laser	 facility	 at	 the	 LULI	 laboratory	





















the	change	 in	 the	overall	magnetic	 field	 topology	after	 the	 two	magnetic	 ribbons	 interact.	
Since	the	magnetic	fields	produced	by	the	L2	and	L3	lasers	are	mostly	contained	on	the	surface	
of	 the	 targets	T2	and	T3	 (see	Supplementary	note	1),	 the	probing	protons	are	 sent	quasi-
parallel	to	the	normal	of	the	targets	(see	Fig.1.a-b),	such	that	the	deflection	are	induced	by	
the	Lorentz	force	associated	with	the	probed	magnetic	fields	can	be	recorded13,50.	The	probe	































































Supplementary	 note	 1),	 we	 analyse	 that	 the	 maximum	 of	 emissivity	 originates	 from	 an	
optically	thin	plasma:	in	the	reconnection	zone,	where	the	electron	density	is	of	the	order	of	
1020	cm-3,	the	mean	free	path	of	a	visible	photon	is	46.1	µm,	which	is	of	the	same	order	than	







performed	 on	 the	 Nova-PW	 laser60.	 The	 magnet	 spectrometer	 is	 set	 to	 analyze	 particles	













Hall	 term	 (including	 the	 total	 current	 and	 the	 gradient	 of	 the	 electron	 pressure)	 and	 a	
hyperviscous	term	to	break	the	magnetic	field	lines	at	the	scale	of	the	grid.	The	magnetic	fields	
result	 from	 the	 time	 integration	 of	 the	 Faraday	 equation.	 Electric	 and	magnetic	 fields	 are	
hence	calculated	self-consistently	using	a	predictor-corrector	scheme65.	The	simulation	box	is	
periodic	in	both	Z	and	Y	directions.	A	background	ion	population	(with	the	same	mass,	charge	
and	 temperature	 as	 the	 foreground	 ions)	 with	 a	 uniform	 density	 equals	 one	 fifth	 of	 the	
maximum	density	 in	 each	 plasma	 is	 superposed,	 in	 order	 to	 prevent	 from	 vacuum	 region	
where	the	calculation	of	the	electric	field	would	then	diverge.	The	following	normalizations	
are	made	in	the	code:	magnetic	field	and	density	are	normalized	to	their	maximum	initial	value	






The	 grid	 size	 is	 0.2	 (ion	 inertial	 length)	 and	 the	 time	 step	 is	 0.001	 (inverse	 of	 proton	
gyroperiod),	which	is	small	enough	to	correctly	treat	the	high	frequency	whistler	modes.		






Earth	magnetopause47	 and	 in	 the	 Earth	 plasma	 sheet66.	 The	 larger	β	 =20	 results	 from	 the	
maximum	of	the	initial	proton	density	n0,	=1022	cm-3,	the	maximum	initial	proton	temperature	
T0	=1500	eV,	 and	 the	maximum	of	 the	 initial	magnetic	 field	B0	 =600	T	 retrieved	 from	FCI2	
hydro-radiative	 simulations	 (see	 Supplementary	 note	 1).	 One	 should	 also	 note	 that	 β	 is	
calculated	using	the	kinetic	pressure	of	the	plasma	because	the	ram	pressure	is	very	low,	the	





case	 a	 static	 map	 obtained	 from	 a	 snapshot	 of	 the	 HECKLE	 simulation,	 to	 simulate	 the	
trajectories	 of	 the	 protons	 as	 they	 pass	 through	 and	 as	 they	 are	 ballistically	 propagated	
afterwards,	up	to	the	detector.	The	electromagnetic	field	is	interpolated	to	the	1st	order.	The	






the	 targets	 T2	 and	 T3,	 the	 probing	 protons	 are	 scattered,	 as	well	 as	 slowed	down,	 in	 the	
material.	The	energy	loss	is	here	neglected	as	the	targets	are	thin	and	the	proton	energetic.	
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